This paper proposes an extended diagonal mesh (XDMesh) 
Introduction
Advances in semiconductor technology introduced the notion of the system-on-chip (SoC) paradigm, which is composed of many types of processors, on-chip memory, and I/O devices on a single chip. System-on-chip provides high flexibility and better performance than systems on separate chips, allowing designers to incorporate the functionality of a system onto a single chip by integrating tens or hundreds of intellectual property (IP) cores [1] . Whether homogenous, heterogeneous or hybrid, this sort of integration of several components into a single system gives rise to new challenges. With the impressive improvements involved, it is essential to have a flexible communication facility that can cope with the multipurpose programming of the cores [2] . Such systems should process data in real time, perform data transfers at high rates, support multiple functions and protocols for communications with standard wired and wireless interfaces, provide security and privacy, and handle time-to-market (TTM) pressures [3] . The emerging technology that targets such connections between heterogeneous cores is called an on-chip interconnection network, also known as a network-on-chip (NoC). Modularity and explicit parallelism can be incorporated into NoCs on future multiprocessor systemon-chip (MP-SoC) platforms [4] .
NoC is motivated by conventional computer network systems, which provide an efficient communication model for MP-SoCs. This seeks to overcome the performance and scalability problems of shared buses and dedicated peer-to-peer links in multi-core SoCs by exploiting the concept of a packet-based communication network [5] . NoC connects a network of IP cores, memory, and programmable I/O through a network of routers or switches that communicate via addressed data packets using wormhole or virtual-cut-through switching. High scalability and versatility, low latency, high
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State-of-the-Art NoC Topologies
In this section, we discuss some improved topologies, as shown in Figures 1 -3 , where the functional IP blocks (PEs) are denoted by circles, the nodes (or routers) are denoted by black squares, and links are bi-directional.
Kumar et al. proposed a 2-dimensional (m × n) mesh network topology for NoC known as chip-level integration of communicating heterogeneous elements (CLICHE) [7] ; it is depicted in Figure 1 . In this topology, every router is connected to a specific resource, and the number of routers is equal to the number of resources, i.e., nodes. Each router is further connected to four neighboring routers.
Figure 1. The Mesh Topology
Midia et al. [9] proposed a new mesh-like topology known as DiaMesh topology, which is depicted in Figure 2 . This architecture consists of an m × n mesh of routers and 8 extra bypass channels. In addition, this architecture includes four sub-networks, in which resource utilization due to the need to establish a dedicated electrical path. Virtual cutthrough switching exhibits packet blocking problems on busy output channels [11] .
A packet is divided into flits in WH switching. A flit is a flow control digit which includes a constant number of bits that fits the storage resources in the network routers. There are three types of flits: head flit, data flit, and tail flit. A head flit carries the control and routing information of a packet; data flits carry the payload or data; and a tail flit contains data as well as the end of the packet information. To send data from a source to a destination, a head flit is transmitted first, followed by the data and tail flit. Routers check the head flit and lock the path for the rest of the flits of each packet. The path is unlocked by the tail flit. Thus, the flits in WH switching travel through the network in a pipelined fashion. The flits appear to move through the network like worms, and, therefore, the process is referred to as WH switching. This process can significantly reduce the average packet latency and overall buffer space requirements. Thus, WH switching is the most popular switching technique used in NoC.
Research Motivations
Through our intensive study of the mesh topology of NoC interconnection architecture, we observe that the main problem with conventional mesh topology is the large communication delay between remote arbitrary nodes, which increases the hop count. This increases the possibility of network congestion. In addition, it doesn't ensure routing flexibility due to the limitation of resources. A number of studies have attempted to address this shortcoming by adding application-specific links between distant nodes in the mesh [12] , by leaving out intermediate nodes for express channels to reduce hop counts [13] , by changing the network diameter in topologies related to the mesh, by adding 2D digraph families to increase network performance [14] , or by inserting additional links into the mesh topology [15] .
In the 2D mesh topology, the network diameter is the longest distance between two nodes; these are situated at diagonal corners of the mesh. In mesh-based topologies, the maximum packet delay solely depends on the diameter. It is observed that data packets suffer from long packet latencies due to the traversal of longer distances, which requires longer hops. Addressing this issue, we propose an XDMesh topology to reduce the communication delay and hop counts by including diagonal links between the nodes which are aligned in the diagonal direction. This also results in energy reduction, which is of prime importance for the interconnection architectures. To evaluate and analyze the performance of XDMesh, this study compares the proposed XDMesh with three conventional NoC topologies in terms of throughput, latency, energy consumption, and area overhead. 
Figure 4. An XDMesh Topology
The nodes situated at the corner positions are the farthest nodes, and they are known as remote nodes. The XDMesh topology provides faster data communication between these remote nodes by its router architecture. Each router in the network has a maximum of six ports, comprising a DEMUX instead of a crossbar switch. This approach reduces the cost on a good scale, compared to other topologies. The block diagram of the XDMesh router architecture is shown in Figure 5 .
From Figure 5 , it is observed that the virtual channel (VC) allocator allots the VC to the corresponding physical channel. The flits with routing information are then passed through the DEMUX. The input link selection to the DEMUX is made by the routing algorithm inside the router arbiter, and it is embedded into the header flit of the packet. Hence, the flits are transferred to the next hop through the desired channel. In addition, we employ a flow control mechanism within the controller to ensure faster communication. This results in the reduction of network congestion. In the flow control mechanism, the upstream node maintains a counter for the number of flits available in each relevant FIFO in the downstream node. The counter for the relevant FIFO is decremented by one whenever any flit is output by the upstream node. When a flit leaves a downstream node, a signal is sent back to the upstream node from the downstream node to increment the associated counter. This not only reduces the packet delay, but also provides more flexibility for routing by exploiting the diagonal ports. Therefore, we can conclude that the diagonal links in the proposed topology can help reduce the average delay of packets that have been routed between the remote nodes. 
The Proposed Routing Algorithm
The routing algorithm is responsible for determining the path that each packet traverses from a source node to a destination node. The basic routing algorithm used in the mesh topology is known as an XY routing algorithm [7] . To address the problems inherent in the XY routing algorithm, we propose a routing algorithm for XDMesh known as XDMeshR. Pseudocode for the proposed XDMeshR routing algorithm is shown in Figure  6 . The algorithm first calculates the shortest path between the source and destination by exploiting Dijkstra's shortest path first (DSPF) routing algorithm. Dijkstra's shortest path first calculates the shortest path by effectively using the diagonal links of the XDMesh network. 
Figure 6. Pseudocode for the XDMeshR Routing Algorithm
Once the shortest path is determined, packets can be transferred in the network using the XDMeshR routing algorithm. The XDMeshR routing algorithm is the modified version of the XY routing algorithm. Decoding of the routing information stored in the head flit of the packet is as follows: an extra bit is added to the router address to validate the destination router's address. The bit is set to '0' when the destination router's address is not determined after a packet is sent to the source router from the source PE. The bit is set to '1' for the opposite situation. Hence, the flits can be transferred easily within the network after the determination of the destination router's address through the precalculated DSPF route. An acknowledgement is received from the destination PE after the flits reach the destination router. By doing this, the diagonal links help to reduce the average packet delay.
Experimental Results and Analysis
Experimental Environment
A number of simulators have been developed to implement and analyze NoC architectures. However, most of them are topology-specific simulators. Of these, we use a general-purpose NoC simulator++ (Gpnocsim++) to evaluate our proposed topology because it supports the evaluation of different NoC topologies. It is a Java-based simulator built upon an object-oriented modular design of NoC architectural components for facilitating the evaluation of new architectures [17] . Different synthetic traffic models have been used for evaluating interconnection networks. The most widely used traffic models for the analysis of interconnection networks are uniform, transpose, bitcomplement, hot-spot, and self-similar. The uniform traffic model is a standard model used in on-chip network-based routing studies. This model can be considered the traffic model for well-balanced shared memory computations [18] . Thus, we employ the uniform traffic model for evaluating state-of-the-art topologies. We also consider the Orion 2.0 [19] simulator to investigate the energy consumption of XDMesh with respect to other topologies.
The throughput of a network is the rate at which the network sends or receives data. For a packet-passing system, throughput can be defined as follows [20] : 
Where total packets received refers to the number of packets successfully arriving at the destination, packet length is measured in flit units, number of IP blocks is the number of functional IPs involved in communication, and total time is the simulation time in clock cycles. Packet latency is defined as the time (in clock cycles) taken for a packet to go from the source to the destination. In other words, it is the time elapsed between the occurrence of a head flit injection at the source node and the occurrence of the tail flit reception at the destination node [20] . The packet latency is defined as follows: In addition, the injection rate is used to investigate the effect on the overall network behavior. The injection rate is defined as the number of flits injected into the network during each clock cycle. In the simulations, it is converted to the time interval (in clock cycles) between two adjacent packets.
The average number of hops traveled by a packet from the source to the destination can be calculated using the following equation:
Where N is the number of packets received at the destination node. PacketHop i refers to the number of hops required for the packets while traveling from the source to the destination.
When flits travel in the interconnection network, both the inter-switch wires and the logic gates in the switch toggle result in energy consumption. The flits from the source node need to traverse multiple hops consisting of routers and wires to reach destinations. Thus, energy consumption increases with the number of hops required by the flits to traverse from the source to the destination [21] . The proposed XDMesh reduces the average number of hops and energy consumption in the network by inserting diagonal links. In [22] , Ye et al. proposed a new model for evaluating the energy consumption of switch fabrics in network routers. The bit energy, Ebit, metric is defined as the energy consumed when one bit of data is transported through the router. Ebit can be calculated with the following equation:
The bit energy metric, E bit , is defined as the energy consumed when one bit of data is transported through the router. E bit can be calculated with the following equation:
Sbit and E Lbit represent the energy consumed by the switching and the interconnection wires, respectively. E Sbit is calculated with the following equation:
Where α switch is the switching activity of the router, C switch is the total capacitance of the switch, and V is the supply voltage. E Lbit is calculated with the following equation:
Where η hops is the number of hops required by the flit on its way along a path from the source node to the destination node. In the experiment, a number of network parameters are defined in order to generate different network scenarios.
The overall area overhead for different topologies is calculated with the following equation:
Where A IP denotes the area occupied by the PEs, A I 2 P denotes the area occupied by the routers, and A link denotes the area occupied by the interlink wires. N 1 and N 2 are the total numbers of PEs and routers, respectively. To maintain consistency with the previous research work, a die size of 20 × 20 μm is used. In addition, each PE is assumed to consist of the equivalent of 100K two-input NAND gates for the evaluation. Under these assumptions, the silicon area consumed by the different topologies is determined. In the experiment, a number of network parameters are defined to generate different network scenarios. Tables 1 and 2 list the key parameters and their associated values using Gpnocsim++ and Orion 2.0, respectively. Figure 7 shows throughput characteristics of the proposed XDMesh and other topologies when varying the number of virtual channels and injection rate. From Figure  7 (a), we observe that the throughput increases linearly with the number of virtual channels due to the functional behavior of the IP blocks under uniform traffic distribution. The throughput of EFTI is better than the conventional mesh because EFTI has more available paths than the mesh. On the other hand, DiaMesh achieves better throughput than both EFTI and the mesh due to its diametric channels, which are used to bypass the flits between the intermediate nodes. Overall, the proposed XDMesh outperforms all of the other topologies due to its diagonal links and routing algorithm. In addition, the topological advantage of XDMesh facilitates fast communication by alleviating the congestion that can take place in the horizontal and vertical directions. Figure 7(b) illustrates the effect that varying the injection rate of different topologies has on the throughput. The throughput increases in a linear fashion due to the functional behavior of the IP blocks. However, when the injection rate is more than 0.5, the throughput is saturated because many flit conflicts occur; this limits increases in throughput due to limitations in routing resources, including routers and interconnect wires. Therefore, to maintain a balanced throughput according to the injection rate, we set the injection rate to 0.5. Figure 8 (a) presents additional data which show the effect that varying the number of virtual channels has on the latency for different topologies. The average packet latency generally increases with an increase in the number of virtual channels, because increasing the number of virtual channels increases the switching complexity and requires a significant amount of buffer storage within the channel. According to the experimental results, 6-8 virtual channels are adequate for a network to maintain an appropriate balance between high throughput and low latency. Figure 8 (b) shows the effect that varying the injection rate has on the latency. We observe that the injection rate directly affects the average packet latency in an increasing order. The rate of latency increase is much higher when the injection rate is higher than 0.5, because of the high traffic. We observe that the mesh-based topology exhibits the highest latency compared to other topologies because the traffic is constrained at the four destinations within the shortest Manhattan distance.
Analysis of Performance Results
EFTI exhibits a higher latency than DiaMesh and XDMesh because it has fewer routers than these topologies and the traffic in the EFTI is limited within a single sub-tree. Consequently, the network performs well when the injection rate is kept below 0.5. Overall, the diagonal links in the proposed XDMesh are used to bypass the horizontal and vertical nodes and to choose the minimum distance, exhibiting lower latency compared to other topologies. 
Analysis of Energy Consumption Results
Energy consumption is as important as improved performance for NoC architectures. We evaluate the energy consumption of different topologies by varying the number of virtual channels and the injection load. Figure 9 (a) shows the variation of the average energy consumption per flit as a function of the number of virtual channels, assuming the networks are operated at the peak sustainable data rate. We observe that the energy consumption increases linearly with the number of virtual channels for all of the topologies. In addition, the energy consumption with EFTI is much higher than with other topologies because of EFTI's irregular structure, which leads to paths of different sizes, and consequently, many hops being required for the packets to transfer from the source to the destination node. For example, the routing inside a level-one EFTI router entails the use of a buffer and a switch, which consume twice the energy of the other topologies because the switches and buffers of routers from level one must provide a path for packets coming from the upper level as well as from the same router. This increases the number of hops compared to other topologies. The average energy consumption in the proposed XDMesh is less than that of other state-of-the-art topologies because of its diagonal links which allow the flits to bypass the horizontal and vertical routers and reduce the number of hops from the source to the destination node. Figure 9(b) shows the average energy consumption with respect to the injection rate. As with the virtual channels, the energy consumption increases linearly as the injection rate increases. However, when the injection rate is greater than 0.5, the energy consumption is saturated because a high amount of traffic occurs. Thus, we infer that a topology with a higher degree of connectivity like EFTI has greater energy consumption than other topologies. The mesh energy consumption is higher than that of DiaMesh because of the absence of additional paths. Overall, XDMesh requires less energy consumption than other topologies because of its diagonal links which reduce the number of hops from the source to the destination node. Figure 10 and Table 3 depict the silicon area of different interconnect architectures, which are categorized into interlink wires, a router including the buffer size, and functional IPs. The buffer space within the router is the main area consumer in the NoC architectures. Furthermore, the buffer space depends on the number of virtual channels, and the communication load implies the amount of flits for handling the performance of the network. We observe that EFTI has a considerably higher area overhead compared to other topologies because it requires more links to connect between the nodes. In addition, EFTI requires more virtual channels than other topologies to achieve better performance. Moreover, a greater number of blocks (PEs) are used than in the other topologies. Thus, EFTI consumes more silicon area. In contrast, of all of the topologies, XDMesh consumes the least silicon area because it allows flits to bypass buffering and arbitration by the proposed router. The DEMUX used in the router passes the flits to the output link very quickly. Thus, the area overhead of the proposed XDMesh can be reduced by reducing the buffer size of the router. 
Conclusions
In this paper, we proposed an extended XDMesh topology by closely examining a routing algorithm to enhance the network performance and reduce the energy consumption of the NoC. We analyzed the performance of XDMesh in terms of throughput, latency, and energy consumption. In addition, we compared the performance of XDMesh with existing state-of-the-art NoC topologies. Experimental results indicated that XDMesh increases throughput by 44.47%, 23.39%, and 17.85% and reduces latency by 40.10%, 25.71%, and 16.56% over mesh, extended-butterfly fat tree, and diametrical mesh topologies, respectively. In addition, XDMesh outperformed other topologies in terms of energy consumption and silicon area.
